Coinhibitory receptors are critical for the maintenance of immune homeostasis. Upregulation of these receptors on effector T cells terminates T cell responses, while their expression on Tregs promotes their suppressor function. Understanding the function of coinhibitory receptors in effector T cells and Tregs is crucial, as therapies that target coinhibitory receptors are currently at the forefront of treatment strategies for cancer and other chronic diseases. T cell Ig and ITIM domain (TIGIT) is a recently identified coinhibitory receptor that is found on the surface of a variety of lymphoid cells, and its role in immune regulation is just beginning to be elucidated. We examined TIGIT-mediated immune regulation in different murine cancer models and determined that TIGIT marks the most dysfunctional subset of CD8 + T cells in tumor tissue as well as tumor-tissue Tregs with a highly active and suppressive phenotype. We demonstrated that TIGIT signaling in Tregs directs their phenotype and that TIGIT primarily suppresses antitumor immunity via Tregs and not CD8 + T cells. Moreover, TIGIT + Tregs upregulated expression of the coinhibitory receptor TIM-3 in tumor tissue, and TIM-3 and TIGIT synergized to suppress antitumor immune responses. Our findings provide mechanistic insight into how TIGIT regulates immune responses in chronic disease settings.
Introduction
T cell responses are controlled by multiple receptors: while costimulatory receptors ensure optimal T cell activation and proliferation to generate a protective immune response, coinhibitory or checkpoint receptors dampen effector T cell responses to prevent immunopathology and autoimmunity. In addition to their expression on effector T cells, coinhibitory receptors are also expressed on Tregs, where they serve to promote Treg suppressor function, thus further contributing to control of the immune response. How coinhibitory receptors in these different cell types achieve their effects and the relative contribution of their functions to immune regulation is still largely unknown.
Achieving a better understanding of how individual coinhibitory receptors regulate the immune response is critical, as therapeutic strategies that interfere with signaling through these receptors are currently at the forefront of treatment for cancer and other chronic diseases such as chronic viral infection. In chronic diseases, the dysregulated expression of coinhibitory receptors on effector T cells is associated with a dysfunctional effector phenotype characterized by deficits in proliferative capacity, secretion of proinflammatory cytokines, and cytotoxicity (1) . Moreover, the high expression levels of coinhibitory receptors on Tregs is associated with potent Treg suppressor function. Accordingly, therapies that target the coinhibitory receptors CTLA-4 and PD-1 are proving successful in treating cancer (2) . The mechanisms by which these therapies achieve their effects are still being elucidated. In this regard, a recent study showed that the response to PD-1 blockade is much higher if there are preexisting CD8 + T cells within the tumor tissue (3); however, whether the recovery of productive immunity after treatment is due to direct modulation of effector T cell function or modulation of Treg function is unclear.
TIGIT is a novel coinhibitory receptor that, together with CD226 (DNAM-1), comprises a pathway that closely parallels the CD28/CTLA-4 pathway. Similar to CD28 and CTLA-4, CD226 and TIGIT share ligands (CD112 and CD155) (4) (5) (6) , and engagement of CD226 enhances T cell activation (7, 8) , while engagement of TIGIT inhibits T cell responses (4, 9, 10) . CD226 is expressed on NK cells and CD8 + T cells and is preferentially expressed on IFN-γ-producing CD4 + Th1 T cells (11) . TIGIT is upregulated on CD4 + and CD8 + T cells upon activation and is also found on NK cells, memory T cells, follicular Th cells, and on a subset of Tregs (4, 5, 9, 10, 12) .
Over the past few years, TIGIT has emerged as an important coinhibitory receptor. An initial study indicated that TIGIT inhibits T cell responses indirectly by triggering CD155 in DCs, thereby preventing DC maturation and inducing production of the immunosuppressive cytokine IL-10 (4). However, recent studies show that TIGIT has a T cell-intrinsic inhibitory function in that TIGIT ligation directly inhibits T cell proliferation and cytokine production in CD4 + T cells (9, 10) . Similarly, TIGIT ligation also suppresses the cytolytic activity of NK cells (6) . Indeed, TIGIT contains 2 immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in its cytoplasmic tail (4, 10) . These motifs have been shown to mediate recruitment of the phosphatase SHIP-1 (13), thus providing a mechanism by which TIGIT can act cell intrinsically to dampen activating signals. In addiCoinhibitory receptors are critical for the maintenance of immune homeostasis. Upregulation of these receptors on effector T cells terminates T cell responses, while their expression on Tregs promotes their suppressor function. Understanding the function of coinhibitory receptors in effector T cells and Tregs is crucial, as therapies that target coinhibitory receptors are currently at the forefront of treatment strategies for cancer and other chronic diseases. T cell Ig and ITIM domain (TIGIT) is a recently identified coinhibitory receptor that is found on the surface of a variety of lymphoid cells, and its role in immune regulation is just beginning to be elucidated. We examined TIGIT-mediated immune regulation in different murine cancer models and determined that TIGIT marks the most dysfunctional subset of CD8 Vijay K. Kuchroo, 1 and Ana C. Anderson murine cancer cell lines. We found that the TIGIT ligands CD112 and CD155 were highly expressed on multiple murine cancer cell lines, while TIGIT itself was not (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI81187DS1). Similarly, expression of CD155 and CD112 has also been reported in human melanoma cell lines (17) . We next examined TIGIT expression on lymphocytes in mice bearing B16F10 melanoma tumors. We observed that while TIGIT was expressed at low levels on T cells in the spleen and tumor-draining lymph nodes (DLNs), it was markedly enriched on both CD4 + and CD8 + T cells that infiltrated melanoma tumors ( Figure 1A ). We further found that TIGIT was similarly enriched on the CD4 + and CD8 + T cells that infiltrated CT26 colon carcinoma (Supplemental Figure 2A) . As TIGIT is constitutively expressed on a subset of Tregs (4, 10, 12), we further examined whether TIGIT expression was enriched on Tregs within CD4 + TILs. We found that TIGIT was highly expressed on FOXP3 + Tregs compared with that observed on FOXP3 -CD4 + TILs in both B16 melanoma ( Figure 1B ) and CT26 colon carcinoma (Supplemental Figure 2B) . Thus, TIGIT expression was enriched on both CD8 + T cells and Tregs in 2 different preclinical cancer models, and, importantly, TIGIT + lymphocytes were mostly confined to tumor tissue.
TIGIT + CD8 + TILs display a dysfunctional phenotype. Coinhibitory receptors are often expressed on T cells that exhibit a dysfunctional phenotype. We therefore examined whether TIGIT + CD8 + TILs display defects in effector functions. We found that TIGIT + CD8 + TILs were poor producers of IL-2 and TNF-α but produced similar levels of IFN-γ compared with TIGIT -CD8 + TILs ( Figure  2A ). Interestingly, while TIGIT + CD8 + TILs exhibited deficits in proinflammatory cytokine production, we found that they had significantly increased production of the immune-suppressive cytokine IL-10 compared with TIGIT -CD8 + TILs. Moreover, we found that TIGIT + CD8 + TILs exhibited a reduced capacity to degranution to direct regulation of effector T cell responses, recent studies show that TIGIT marks a subset of Tregs that exhibit heightened expression of known Treg effector molecules and heightened suppressive capacity in vitro (12, 14) . Most interestingly, TIGIT + Tregs exhibit a specialized function, that of selectively suppressing proinflammatory Th1 and Th17 responses but sparing Th2 responses (12) , thus supporting a role for TIGIT in directing Treg function.
The absence of TIGIT has been shown to exacerbate experimental autoimmune encephalomyelitis, while TIGIT engagement has been shown to ameliorate collagen-induced arthritis (9, 10) . Recently, blockade of TIGIT has been shown to synergize with PD-1/PD-L1 blockade to enhance antitumor CD8 + T cell responses in both humans and mice (15, 16) . These observations support an important inhibitory role for TIGIT in vivo; however, they do not address the role of TIGIT in effector T cells versus Tregs in regulating antitumor immunity. Here, we dissect the role of TIGIT in cancer, where coinhibitory receptor expression on effector T cells is associated with the development of T cell dysfunction, and expression on Tregs is associated with potent Treg suppressor function. We found that TIGIT is uniquely enriched on tumorinfiltrating lymphocytes (TILs), where it marks the most dysfunctional CD8 + T cells and FOXP3 + tumor tissue Tregs. Importantly, we show that it is not the function of TIGIT in effector CD8 + T cells but rather its function in FOXP3 + Tregs that plays a critical role in dampening antitumor immune responses. Our data shed light on the mechanisms by which the coinhibitory receptor TIGIT determines immune responses in chronic disease settings and highlight the therapeutic value of targeting TIGIT in cancer.
Results
TIGIT expression is upregulated on TILs. Before examining a potential role for TIGIT in regulating antitumor T cell responses, we first examined the expression of TIGIT and its ligands on several Figure 3A and complete list in Supplemental Table 1 ). Many of these genes are consistent with those previously reported as differentially regulated in TIGIT + Tregs relative to TIGIT -Tregs in naive mice (12) . Similarly upregulated genes included genes that encode coinhibitory receptors (Pdcd1, which encodes PD-1, Lag3, Ctla4, and Havcr2, which encodes TIM-3), chemokines and chemokine receptors (Ccr2, Ccr5, Ccr8, Cxcr3, Cxcr6, and Ccl5), transcription factors (Rora, Prdm1, Id2, Tbx21, and Foxp3), and the effector molecule Il10. Similarly downregulated genes included Bcl2, Tcf7, and Ifngr2.
Among the most highly upregulated genes in TIGIT + Tregs from TILs was Il10 ( Figure 3A ). As IL-10 is an important Treg effector molecule in vivo, we confirmed that the TIGIT + Tregs from TILs are indeed major producers of IL-10 by examining the TIGIT + and TIGIT -Tregs isolated from TILs of tumor-bearing IL-10/FOXP3 reporter mice ( Figure 3B ). We further found that other Treg effector molecules (Prf1, which encodes perforin, and TGF-β1) are also more highly expressed in TIGIT + than in TIGIT late, as determined by surface expression of CD107a, when compared with TIGIT -CD8 + TILs ( Figure 2A ). Together, these data show that TIGIT + CD8 + TILs are dysfunctional and further suggest that, in addition to being poor mediators of tumor clearance, they may contribute to immune suppression locally in the tumor microenvironment by virtue of their enhanced production of IL-10.
The accumulation of multiple coinhibitory receptors on the surface of T cells is associated with increased dysfunction (18) . We therefore examined the expression of TIGIT in conjunction with other coinhibitory receptors (PD-1, LAG-3, and TIM-3) that have been associated with a dysfunctional phenotype in TILs (19) (20) (21) (22) . We found that TIGIT was coexpressed with PD-1, TIM-3, and LAG-3 on CD8 + TILs ( Figure 2B ). Interestingly, we observed that TIGIT was expressed on CD8 + TILs that exhibited the highest levels of PD-1 and TIM-3. In chronic lymphocytic choriomeningitis virus (LCMV) infection, where T cell dysfunction has been well studied, it has been shown that high expression of PD-1 coincides with high expression of the transcription factor Eomes and that PD-1 hi Eomes hi CD8 + T cells constitute a terminally exhausted subset that exhibits severe dysfunction (23) . Recently, PD-1 hi Eomes hi CD8 + T cells have also been described in melanoma tumors and found to exhibit decreased function (24) . As TIGIT coincides with high PD-1 expression on CD8 + TILs ( Figure 2B ), we examined whether these cells also exhibit high expression of eomes. Indeed, we found that TIGIT + CD8 + TILs had significantly higher expression of eomes compared with that observed on TIGIT -CD8 + TILs ( Figure 2C ). Collectively, our data show that TIGIT + CD8 + T cells constitute a highly dysfunctional subset within CD8 + TILs. TIGIT + Tregs exhibit a highly activated and suppressive phenotype in tumor tissue. Our data show that TIGIT expression within CD4 + TILs was almost exclusively on FOXP3 + Tregs ( Figure 1B ). Recently, TIGIT expression was shown to identify a cell popu- + and TIGIT -CD8 + TILs (n = 8 mice). Data were pooled from 2 different experiments. ****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05 by Mann-Whitney U test.
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line TIGIT-deficient (Tigit -/-) mice. We found that TIGIT deficiency significantly delayed the growth of both B16F10 melanoma and MC38 colon carcinoma relative to WT controls ( Figure  4A ), indicating that TIGIT plays an inhibitory role in different tumor models. As TIGIT can be expressed by NK cells as well as by CD8 + T cells (4-6), we determined whether the enhanced antitumor immunity observed in the absence of TIGIT was dependent on CD8 + T cell or NK cell responses. Using depleting Abs, we found that CD8 + T cells, but not NK cells, were required for the improved control of tumor growth observed in the absence of TIGIT ( Figure 4B ). To address whether better control of tumor growth in the absence of TIGIT indeed correlated with increased function in CD8 + TILs, we examined antigen-specific responses in CD8 + TILs from mice bearing B16F10 melanoma tumors. We found that both the frequency of granzyme B + cells as well as the expression level of granzyme B was increased in CD8 + TILs from Tigit -/-mice after stimulation ( Figure 4C ). We further examined the effect of TIGIT deficiency on antigen-specific cytokine responses in either B16F10 melanoma or MC38 colon carcinoma Among the genes upregulated in TIGIT + Tregs in TILs, Havcr2 was of particular interest, as we had previously found that TIM-3 is uniquely enriched on Tregs that accumulate in tumor tissue and express high levels of both IL-10 and perforin (25) . Examination of TIM-3 and TIGIT expression in Tregs from naive and tumor-bearing mice showed that while TIM-3 was expressed on a fraction of TIGIT + Tregs in naive mice, all of the TIGIT + Tregs in tumor tissue expressed TIM-3, and at a much higher level than that observed in naive Tregs ( Figure 3D ). The potent upregulation of TIM-3 in tumor tissue, together with the highly active and suppressive Treg phenotype of TIGIT + Tregs in tumor tissue, raises the possibility that the TIM-3 and TIGIT signaling pathways may cooperate to direct Treg function in tumor tissue.
Enhanced antitumor immunity in the absence of TIGIT. Our data show that TIGIT expression marks severely dysfunctional CD8 + TILs and tumor tissue Tregs that exhibit a highly activated and suppressive phenotype ( Figures 2 and 3) ; however, they do not address whether TIGIT has a role in regulating antitumor immunity. To address this, we monitored tumor growth in germ- Figure 5B ). Given this difference in tumor growth, we examined whether lack of TIGIT in Tregs interfered with the development of a dysfunctional phenotype in CD8 + T cells. As TIGIT expression on CD8 + TILs correlated with a highly dysfunctional phenotype (Figure 2) , we determined TIGIT expression on CD8 + TILs in mice that received WT or Tigit -/-Tregs. We found a significant decrease in the frequency of TIGIT + CD8 + TILs in mice harboring TIGIT deficiency in Tregs, indicating that the absence of TIGIT in Tregs restrains the development of a severe dysfunctional phenotype in CD8 + TILs ( Figure 5C ). Indeed, we found that lack of TIGIT on Tregs resulted in significantly enhanced IL-2, TNF-α, and IFN-γ production by CD8 + TILs ( Figure 5D ). engineered to express low levels of OVA (MC38-OVA dim ) (26) and observed a trend toward higher frequencies of IL-2-, TNF-α-, and IFN-γ-producing cells within TILs from TIGIT-deficient mice (Supplemental Figure 3, A and B) . Last, we found that while WT CD8 + TILs exhibited little to no proliferation after stimulation with anti-CD3, Tigit -/-CD8 + TILs exhibited a heightened proliferative response ( Figure 4D ). Collectively, these data support the idea that TIGIT limits antitumor T cell responses.
TIGIT + Tregs regulate antitumor immunity. While our data support the idea that TIGIT has a role in the regulation of antitumor CD8 + T cell responses (Figure 4) Last, we found that the frequency of gp100-specific CD8 + T cells was also increased in mice harboring TIGIT deficiency only in Tregs, suggesting that the maintenance and/or survival of antigen-specific CD8 + T cells is enhanced in the absence of TIGIT on Tregs ( Figure 5E ). Together, these data indicate that TIGIT dampens antitumor immunity predominantly by regulating Treg function, which in turn promotes the development of a severe dysfunctional phenotype in CD8 + T cells. TIGIT signaling in Tregs. Our data support a key role for TIGIT in suppressing antitumor immunity via its role in Tregs. This raises the important question of how TIGIT signaling alters the Treg phenotype. While our examination of the gene expression profile of TIGIT + Tregs in TILs showed increased expression of Treg effector molecules and upregulation of some distinct genes relative to TIGIT -Tregs (Figure 3) , it did not address whether engagement of TIGIT is responsible for driving the differential expression of any of these genes. The likelihood that TIGIT is actively engaged in the tumor environment is high, given our observation of the elevated expression levels of TIGIT ligands on tumor cells (Supplemental Figure 1) . To address the possibility that TIGIT engagement might modulate the Treg phenotype in tumor tissue, we identified the genes that are downstream of TIGIT signaling in Tregs. For this, we used an agonistic anti-TIGIT Ab that was previously shown to bind to TIGIT and inhibit T cell proliferation (9) . We stimulated Tregs in vitro in the presence of the agonistic anti-TIGIT Ab and examined gene expression at 2 different time points (48 and 96 hours) using NanoString nCounter technology as described above. We found several genes that were modulated in Tregs as a consequence of TIGIT signaling ( Figure 6 ). We also found that the transcription factors Eomes, Irf8, Prdm1, Tbx21, and Runx2 were induced by TIGIT signaling in Tregs. TIGIT ligation also upregulated expression of the chemokine Ccl4 and the chemokine receptors Cxcr3 and Ccr8. The upregulation of Cxcr3 and Tbx21 indicates that TIGIT signaling may direct suppressor function toward IFN-γ-producing T cells, as T-bet + CXCR3 + Tregs have been shown to control Th1 type inflammation in vivo (27) . The upregulation of CCR8 and CCL4 indicates that TIGIT signaling may promote Treg migration and retention in tumor tissue (28, 29) . Interestingly, TIGIT signaling decreased expression of TCF7, which has recently been shown to antagonize the FOXP3-driven transcriptional program in Tregs (30) . Thus, TIGIT signaling in Tregs may favor Treg stability. In line with this observation, TIGIT expression has recently been shown to correlate strongly with a stable Treg phenotype in humans (14) . Importantly, several of the Figure 3A and Supplemental Table 1 ). Collectively, these data support the notion that TIGIT actively signals in Tregs to modulate the Treg phenotype and that TIGIT is actively engaged in vivo in the tumor microenvironment.
TIGIT synergizes with TIM-3. Our data showing TIM-3 upregulation on TIGIT + Tregs in tumor tissue (Figure 3 ), together with our data indicating the dominant function of TIGIT in Tregs in suppressing antitumor immunity ( Figure 5 ), raised the possibility that the TIGIT and TIM-3 pathways might act synergistically to drive suppression in the tumor environment. We therefore examined the effect of TIM-3 blockade in the absence of TIGIT and found that treatment of Tigit -/-mice with anti-TIM-3 Abs significantly decreased tumor growth compared with Tigit -/-deficiency alone ( Figure 7A ). As observed in WT versus Tigit -/-mice ( Figure 4B ), the synergistic effect of anti-TIM-3 in Tigit -/-mice required CD8 + T cells but not NK cells (Supplemental Figure 4) . We further tested anti-TIM-3 in Tigit -/-and WT mice in 2 different models of experimental tumor metastasis and found that TIM-3 blockade further reduced the number of foci in the lungs of Tigit -/-mice ( Figure 7B ). Last, TIM-3 blockade increased survival over that observed with TIGIT deficiency alone in a B16F10 melanoma lung metastasis model ( Figure 7C ). Collectively, these data support the idea that TIM-3 and TIGIT cooperate to suppress antitumor responses.
Discussion
Our data add a dimension to our current understanding of how TIGIT modulates antitumor immunity by showing that the function of TIGIT in Tregs is dominant over its function in CD8 + T cells. This observation runs counter to the emphasis on the role of coinhibitory receptors in suppressing antitumor immunity via the direct promotion of a dysfunctional phenotype in CD8 + T cells. Instead, our data suggest that TIGIT signaling induces a molecular program in Tregs that in turn drives the development of a dysfunctional phenotype in CD8 + T cells. This observation is in line with our previous study showing that the dysfunctional phenotype of CD8 + TILs is diminished after Treg depletion (25) and with a recent study showing that Tregs modify the tumor microenvironment to promote CD8 + T cell dysfunction (31) . Similarly, Tregs have recently been shown to play an important role in the maintenance of T cell dysfunction in chronic LCMV infection (32) . Thus, a key function of Tregs in chronic disease settings may be to drive the dysfunctional phenotype in effector CD8 + T cells in order to prevent immunopathology. Our data indicate that TIGIT signaling may be critical for the role of Tregs in driving CD8 + T cell dysfunction. One possible mechanism by which TIGIT + Tregs can drive a dysfunctional phenotype in effector T cells is via their high production of IL-10. Our data show that IL-10 is among the genes most highly upregulated in TIGIT + Tregs that infiltrate tumor tissue. Indeed, IL-10 has been linked to viral persistence and the development of T cell dysfunction in chronic LCMV infection (33, 34) . Further elucidation of the transcriptome of TIGIT + Tregs from tumor tissue will likely identify other potential mechanisms by which TIGIT + Tregs can drive T cell dysfunction. The dominant function of TIGIT in Tregs in immune regulation is reminiscent of the role of CTLA-4 on Tregs. CTLA-4 has been shown to be critical for the maintenance of Treg suppressor function (35) . However, unlike CTLA-4, which is expressed on all Tregs, TIGIT is only expressed on a subset of normal circulating Tregs (12) and, as we show here, is highly enriched on the Tregs that infiltrate tumor tissue. The enriched expression of TIGIT in tumor tissue positions TIGIT as a more precise molecular target than is CTLA-4. Thus, therapies that target TIGIT would be expected to result in fewer unwanted systemic effects than would those that target CTLA-4 (2) and function via Treg depletion (36) (37) (38) .
Importantly, our data do not exclude a direct role for TIGIT in promoting a dysfunctional phenotype in CD8 + T cells. Indeed, it is possible that the combined loss of TIGIT in Tregs and CD8 + T cells would have an even stronger effect on tumor immunity than would loss of TIGIT in Tregs alone. The fact that TIGIT deficiency in CD8 + T cells alone does not result in improved antitumor immunity likely reflects compensation by other coinhibitory receptors that are functionally redundant with TIGIT. Functional redundancy across coinhibitory receptor pathways would not be surprising in the tumor microenvironment, where there is strong pressure to keep CD8 + T cell responses suppressed and CD8 + T cells express multiple coinhibitory receptors. Indeed, such functional redundancy forms the basis for why coblockade of coinhibitory receptors has been shown to be more effective in both preclinical cancer models and the clinic (39) (40) (41) .
A recent study suggests that TIGIT regulates T cell function by inhibiting CD226 dimerization and downstream signaling (15) . Our study does not exclude this possibility. Rather, our data support the notion that TIGIT signaling drives a cell-intrinsic gene program in Tregs that suppresses antitumor effector T cell responses. In addition to Treg-intrinsic TIGIT signaling, it is also possible that Cell lines. CT26, B16F10, LLC, and MC38 cell lines were purchased from ATCC. MC38-OVA dim was derived from MC38 as previously described (26) . Isolation of TILs. TILs were isolated by dissociating tumor tissue in the presence of collagenase D (2.5 mg/ml) for 20 minutes prior to centrifugation on a discontinuous Percoll gradient (GE Healthcare). Isolated cells were then used in various assays of T cell function. Cells were cultured in DMEM supplemented with 10% (vol/vol) FCS, 50 μM 2-mercaptoethanol, 1 mM sodium pyruvate, nonessential amino acids, L-glutamine, and 100 U/ml penicillin and 100 μg/ml streptomycin.
Flow cytometry. Single-cell suspensions were stained with Abs against surface molecules. CD4 (clone RM4-5), CD8 (clone 53-6.7), and PD-1 (clone RMP1-30) Abs were purchased from BioLegend. LAG-3 (clone C9B7W) and TIGIT (clone GIGD7) Abs were purchased from eBioscience. TIM-3 (clone 5D12) Ab was generated in-house. Staining with gp100 dextramers (Immudex) was done according to the manufacturer's protocol. Fixable viability dye eF506 (eBioscience) was used to exclude dead cells. For CD107a staining, TILs were stimulated with anti-CD3 (0.5 μg/ml) and anti-CD28 (0.25 μg/ml) (BioLegend) for 4 hours in the presence of Golgi stop (BD Biosciences) and CD107a Ab (clone 1D4B) (BioLegend). For intracytoplasmic cytokine staining, cells were stimulated with anti-CD3 and anti-CD28 as described above. For granzyme B staining, TILs from B16F10 tumors were stimulated with 10 μg/ml hgp100, harvested, and stained with Abs against surface proteins prior to fixation and permeabilization. Permeabilized cells were then stained with Abs against IL-2 (clone JES6-5H4), TNF-α (clone MP6-XT22), IFN-γ (clone XMG-1.2) (eBioscience), or granzyme B (clone 2C5/F5; BD Pharmingen). For IL-10 detection, TILs were isolated from IL-10 Thy1.1 reporter mice, and after 4 hours of stimulation, the interaction of TIGIT with CD155 on antigen-presenting cells (APCs) in the tumor environment has an important role in regulating antitumor immunity. Indeed, Tregs are known to modify the DC phenotype (42) , and TIGIT engagement of CD155 in DCs has been shown to inhibit IL-12 and enhance IL-10 production (4). Whether TIGIT + Tregs interact with tumor-associated DCs and induce them to become tolerogenic will be the subject of future studies.
The distinct role TIGIT plays in different subsets of TILs is an important consideration for combinatorial immunotherapeutic approaches involving TIGIT blockade. A recent study showed that anti-TIGIT controls tumor growth much more efficiently when combined with anti-PD-1 (15) . In light of our data, the remarkable efficacy of TIGIT/PD-1 coblockade could reflect the combined effect of direct modulation of dysfunctional CD8 + T cells, together with modulation of highly suppressive intratumoral Tregs. Our data further suggest that cotargeting TIGIT and TIM-3 could be another potent combined immunotherapeutic approach. Further investigation will be required to determine whether the TIGIT, PD-1, and TIM-3 pathways synergize at the cellular level in CD8 + T cells, Tregs, or both. Our observations broaden the current perspective of how therapies that target the coinhibitory receptor TIGIT modulate antitumor immunity.
Methods
Mice. Six-to eight-week-old female BALB/c, C57BL/6, and Rag2 -/-mice were purchased from The Jackson Laboratory. with a custom-made CodeSet. Barcodes were counted (1,150 fields of view per sample) on an nCounter Digital Analyzer following the manufacturer's protocol (NanoString Technologies Inc.). Data were processed first by normalization with respect to the geometric mean of the positive control spike counts (provided by the manufacturer) and then with 4 reference genes (Actb, Gapdh, Hprt, and Tubb5). A background correction was done by subtracting the mean plus 2 SDs of the 8 negative control counts (provided by the manufacturer) and eliminating data that were less than 1.
Statistics. Statistical differences were determined using GraphPad Prism software. Statistical significance was calculated by Mann-Whitney U test for pair-wise comparisons. For multiple comparisons, a 1-way ANOVA test was performed, and pair-wise significance was determined by Tukey's multiple comparisons test. For assessment of the differences between tumor growth curves, significance was calculated by a repeated-measures ANOVA test, followed by a Sidak correction test. Statistical differences between survival curves were calculated by log-rank test. Values of P < 0.0001, P < 0.001, P < 0.01, and P < 0.05 were considered statistically significant.
Study approval. All experiments involving laboratory animals were performed under protocols approved by the Harvard Medical Area Standing Committee on Animals (Boston, Massachusetts, USA) and the QIMR Berghofer Animal Ethics Committee (Brisbane, Queensland, Australia). cells were stained with Abs against Thy1.1 (clone OX-7; BioLegend). For eomes staining, cells were stained with Abs against surface proteins and fixed and permeabilized with an eBioscience FOXP3 staining kit and then stained with anti-Eomes (clone Dan11mag) Ab (eBioscience). To assess cell proliferation, TILs were labeled with CellTrace (CT) Violet (Life Technologies) and stimulated with 0.5 μg/ml anti-CD3 for 4 days and then stained and analyzed by flow cytometry. All data were collected on a BD LSR II flow cytometer (BD Biosciences) and analyzed with FlowJo software.
Suppression assay. Tregs were isolated from tumor tissue of Foxp3-GFP-KI reporter mice by cell sorting on a BD FACSAria. Effector CD4 + T cells were isolated from spleens of WT unimmunized mice with anti-CD4 beads (Miltenyi Biotec) and labeled with CT Violet dye. Tregs were cocultured with effector CD4 + T cells at a 1:8 ratio. + cells from naive Foxp3-GFP-KI mice were isolated by cell sorting and stimulated with plate-bound anti-CD3 (1 μg/ml) and anti-CD28 (2 μg/ml), together with either agonist anti-TIGIT (4D4, generated in-house, ref. 9) (50 μg/ml) or isotype control. After 48 and 96 hours, cells were lysed in RLT lysis buffer (QIAGEN) and lysates hybridized
